Epidemiological studies show an association between obesity and poor breast cancer prognosis. We previously demonstrated that global IGFBP-3 deficiency, in IGFBP-3-null mice, resulted in a 50% reduction in mammary tumour growth over 3 weeks relative to tumours in wild-type (WT) C57BL/6 mice. This growth reduction was ameliorated by high fat feeding-induced obesity. This study aimed to examine how IGFBP-3 promotes tumour growth by influencing the immune tumour microenvironment in healthy and obese mice. Syngeneic EO771 cells, which lack detectable IGFBP-3 expression, were grown as orthotopic tumours in WT and IGFBP-3-null C57BL/6 mice placed on either a control chow or a high-fat diet (HFD), and examined by quantitative PCR and immunohistochemistry. In WT mice, increased stromal expression of IGFBP-3 was positively associated with tumour growth, supporting the hypothesis that IGFBP-3 in the microenvironment promotes tumour progression. Examining markers of immune cell subsets, gene expression of Ifng, Cd8a, Cd8b1 and Tnf and CD8 measured by immunohistochemistry were elevated in tumours of IGFBP-3-null mice compared to WT, indicating an accumulation of CD8+ T cells, but this increase was absent if the IGFBP-3-null mice had been exposed to HFD. Expression of these genes was negatively associated with tumour growth. Although similar among groups overall, Nkg2d and Tnfsf10 tumoural expression was associated with decreased tumour growth. Overall, the results of this study provide an immunebased mechanism by which host IGFBP-3 may promote breast tumour growth in the EO771 murine breast cancer model, and suggest that targeting IGFBP-3 might make a novel contribution to immune therapy for breast cancer.
Introduction
Epidemiological studies have shown an association between obesity and poor breast cancer prognosis (Protani et al. 2010 , Chan et al. 2014 , Renehan et al. 2015 . While various mechanisms have been proposed to explain the link between obesity and worsened breast cancer progression, much remains to be understood. The mechanisms proposed include obesity-related changes in the adipose tissue surrounding the mammary gland, changes in the profile of adipokines secreted, an increase in insulin-IGF-1 signalling and sex hormone regulation (Park et al. 2014 , Iyengar et al. 2015 , Renehan et al. 2015 .
Insulin-like growth factor-binding protein-3 (IGFBP-3) is one of the six circulating carrier proteins for peptides of the IGF family, which are ligands for the oncogenic receptor tyrosine kinase, the type 1 IGF receptor. Complementing their role in IGF transport, IGFBPs have multiple cellular actions, some of them independent of IGF binding, and may be either stimulatory or inhibitory to oncogenic processes in different tissues and cancer types (Baxter 2014) . Of the six IGF binding proteins, IGFBP-3 is the predominant IGF transporter, accounting for at least 75% of the IGFs in circulation . Increased levels of circulating IGFBP-3 have been associated with both increased body mass index (Rowlands et al. 2010) and an increased risk of premenopausal breast cancer (Renehan et al. 2004) as well as recurrence of disease in postmenopausal women , suggesting a possible role for IGFBP-3 in the progression of breast cancer. High tumoural expression of IGFBP-3 has also been associated with poorer prognosis (Yu et al. 1996 , Rocha et al. 1997 , Sheen-Chen et al. 2009 ), which may in part be driven by oncogenic pathways activated by IGFBP-3 (Baxter 2014 , Martin et al. 2014 . In a previous study utilising IGFBP-3 global knock-out (BP3KO) mice in conjunction with high fat feeding, we demonstrated that IGFBP-3 deficiency resulted in reduced mammary tumour growth, and this effect was ameliorated by high fat feeding (Scully et al. 2016) . As part of investigating how tumour growth is reduced in the absence of host IGFBP-3, tumours grown in BP3KO mice were observed to contain increased numbers of CD3 + T cells (Scully et al. 2016) . This observation suggested that IGFBP-3 influences tumoural T cell infiltration, a previously unknown property that might further implicate IGFBP-3 in the regulation of tumour progression.
In women with breast cancer, a high percentage of tumour-infiltrating lymphocytes in the tumour stroma has been positively associated with increased survival (Mahmoud et al. 2011) with the association applying across various breast cancer subtypes (Ali et al. 2014 , Ibrahim et al. 2014 . In particular, the presence of lymphocytes within breast tumours has been shown to be an independent predictor of pathological complete response to chemotherapy (Denkert et al. 2010) . There is, therefore, a high level of interest in the development and potentiation of an anti-tumour immune response as a therapeutic approach for breast cancer (Kroemer et al. 2015 , Savas et al. 2016 .
To further develop our understanding regarding the influence of IGFBP-3 on immune cell behaviour during tumour growth, the experiments detailed in this study aimed to investigate how IGFBP-3 might influence the immune component of the tumour microenvironment.
Materials and methods

Mice and tumour cells
Animal studies were approved by the Northern Sydney Local Health District Animal Care and Ethics Committee (Protocol 1305-003A) and were conducted as previously described (Scully et al. 2016) . Briefly, a colony of IGFBP-3 global knock-out (BP3KO) mice bred onto a C57BL/6 background (Ning et al. 2006 ) was established at the Kolling Institute. Six-week-old female BP3KO and wildtype (WT) C57BL/6 mice were placed on either a control chow diet (6% fat, 23% protein; Gordon's Specialty Feeds, Yanderra, NSW, Australia) or a HFD (47.7% fat, 19.5% protein; prepared in-house), for 15 weeks. After a 15-week feeding period, mice were injected with the mouse mammary tumour cell line, EO771 (syngeneic with C57BL/6 mice), provided by Prof. Robin Anderson, Peter MacCallum Cancer Centre, Melbourne, Australia. Cells (5 × 10 5 ) were injected into the fourth left mammary gland. Mice were killed when the largest tumour reached 1000 mm 3 . Tumours were excised and either snap-frozen in liquid nitrogen or placed into 10% neutral buffered formalin (POCD Scientific, Artarmon, NSW, Australia) for further analysis.
Gene expression analysis
Total RNA from tumours was extracted with TRIzol reagent (Thermo Fisher, Scoresby, VIC, Australia) and purified with Direct-zol RNA MiniPrep (Zymo Research, Irvine, CA, USA). RNA was quantitated using Nanodrop ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and reverse-transcribed with Maxima H Minus Reverse Transcriptase (Thermo Fisher) according to the manufacturer's instructions. Quantitative real-time PCR was performed in an ABI 7900HT (Applied Biosystems) using Taqman probes (Applied Biosystems) for murine CD8α (Cd8a; Mm01182108_m1), CD8β1 (Cd8b1; Mn00438116_m1), CD4 (Cd4; Mm00442754_ m1), Interferon-γ (Ifng; Mm01168134_m1), TNF (Tnf; Mm00443258_m1), FOXP3 (Foxp3; Mm00475162_ m1), NKG2D (Klrk1; Mm00473603_m1) and TRAIL (Tnfsf10; Mm01283606_m1). Transcripts for each sample were assayed in triplicate and quantitated relative to hydroxymethylbilane synthase (Hmbs; Mm01143545) for tumour samples.
Immunohistochemical (IHC) analysis
Tissues were fixed in formalin for 24 h and paraffinembedded. Four-micrometre sections were deparaffinised and antigen retrieval was performed using a water bath with either citrate buffer, pH 6 (for granzyme B) or Tris-EDTA buffer, pH 9 (CD8a). Sections were boiled in retrieval buffer for 20 min, and then cooled for 20 min. Using an automated slide stainer (Dako Australia), sections were quenched with hydrogen peroxide, incubated with primary antibody and then secondary antibody (K4003, Dako) and revealed with ImmPact NovaRed Peroxidase Substrate (Vector Laboratories, Burlingame, CA, USA). Sections were counterstained in Mayer's haematoxylin. Primary antibodies used were anti-CD8α (#14-0808, Affymetrix eBioscience, 1 μg/mL) and anti-Granzyme B (#ab4059, Abcam, 1.8 μg/mL). Images were analysed using CellProfiler software (Broad Institute, MA, USA) as previously described (Scully et al. 2016) . The data are presented as the number of positively stained cells as a proportion of the total number of cells present in the fields of view examined.
Statistical analysis
ANOVA was performed using GraphPadPrism v.6.00 for Windows (GraphPad Software). Statistical significance was determined by 2-way ANOVA followed by post hoc Tukey's test, Kruskal-Wallis test, t-test or by Spearman's correlation test, as indicated.
Results
We have previously reported (Scully et al. 2016 ) that the growth of EO771 murine mammary tumour cells implanted orthotopically in IGFBP-3-deficient mice (BP3KO) mice fed a control chow diet was inhibited relative to tumours grown in WT mice fed either a control diet or 15 weeks of HFD (Scully et al. 2016) (Table 1) . Tumours from chow-fed BP3KO mice were 50% smaller in both weight and volume compared to tumours from chow-fed WT mice (chow-fed WT vs BP3KO: P < 0.05, post hoc Tukey's test). This tumour growth-inhibitory effect of circulating and/or stromal IGFBP-3 deficiency was reversed with high fat feeding, as high fat-fed BP3KO mice showed tumour growth similar to WT mice (Table 1 ) (Scully et al. 2016) . The tumours grown in the BP3KO mice were observed to show an increased presence of T cells based on the expression of CD3, a pan T cell marker. To extend these findings, representative tumours from 15 to 16 mice per group were examined for protein and gene expression analysis of various markers including those associated with specific subsets of T cells.
EO771 cell tumours are ideal for demonstrating effects of host-derived (circulating or stromal) IGFBP-3, as they lack detectable endogenous IGFBP-3 expression. Figure 1A and B illustrates the absence of IGFBP-3 mRNA and protein in E0771 cells in vitro. Despite the lack of Igfbp3 mRNA in the implanted tumour cells, Igfbp3 mRNA was detectable in tumours growing in WT mice, indicating that it originated from host cells within the tumour microenvironment. An increased expression of Igfbp3 was associated with increased tumour weight (Fig. 1C ) consistent with Igfbp3 within the tumour microenvironment promoting tumour growth. In contrast to the positive relationship between stromal IGFBP-3 expression and tumour weight, there was no correlation between circulating IGFBP-3 and either tumour weight or stromal mRNA levels of IGFBP-3 in the WT mice (data not shown).
Gene expression of the T cell markers, Cd8a and Cd8b1, was elevated in tumours from BP3KO mice ( Fig. 2A ) (Cd8a: P < 0.0001 for genotype) in both chowfed (WT: 1.00 ± 0.19 vs BP3KO: 2.20 ± 0.28) and HFD mice (WT: 0.73 ± 0.11 vs BP3KO: 1.48 ± 0.24). The exposure to HFD resulted in decreased expression of Cd8a in tumours from both genotypes (P = 0.023 for diet, 2-way ANOVA). Similar to the results obtained with Cd8a, tumours from chow-fed BP3KO mice showed increased mRNA levels of Tumour growth in chow-fed IGFBP-3-null (BP3KO) mice was decreased by 45-53% compared with high-fat (HFD) fed BP3KO mice, and wild-type mice placed on either normal or high-fat diet for 15 weeks, as previously reported (Scully et al. 2016) . Data are presented as mean values ± s.e.m., n = 22-35 per group. One-way ANOVA across groups: P = 0.008 for tumour weight, P < 0.0001 for tumour volume. Post hoc Tukey's test: *P < 0.05 vs wild-type chow group.
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Cd8b1 which was reduced with exposure to HFD ( Fig. 2A ) (Cd8b1: P < 0.0002 for genotype and P = 0.008 for diet, 2-way ANOVA). These findings indicate that the absence of IGFBP-3 increases and exposure to HFD decreases CD8 T cell infiltration into tumours. In accordance with the clinical literature showing that increased T cell infiltration is associated with improved patient outcome (Mahmoud et al. 2011 , Ali et al. 2014 , gene expression of both Cd8a (Fig. 2B ) and Cd8b1 ( Fig. 2C ) was associated with decreased tumour weight. The mRNA expression of the T cell marker Cd4 was increased in tumours grown in BP3KO mice as well as mice that were high fat-fed (P = 0.035 for genotype and P = 0.020 for diet, 2-way ANOVA). The increased levels of CD3 + T cells previously observed in the tumours grown in chow-fed BP3KO mice (Scully et al. 2016) are likely due to greater levels of CD8-expressing T cells as opposed to CD4-expressing T cells, as suggested by an increased intratumoural Cd8b1:Cd4 ratio compared to WT mice on both diets and high fat-fed BP3KO mice ( Fig. 2D ) (P = 0.028 for genotype and P < 0.001 for diet, 2-way ANOVA). Similar results were obtained with Cd8a:Cd4 ratio. The distribution of Cd8b1 and Cd4 mRNA expression under different experimental conditions is illustrated as the sum of CD4 and CD8 expressions in Fig. 2E . The increased gene expression of Cd8a in tumours grown in the absence of IGFBP-3, with partial reversal in high fat-fed mice, was confirmed by immunohistochemistry using an antibody directed to the CD8α antigen. The presence of CD8α + cells by IHC was found to be similarly elevated in the absence of IGFBP-3 (P = 0.008 for genotype, 2-way ANOVA) and decreased by HFD feeding (P = 0.032 for diet, 2-way ANOVA) (Fig. 3A) . The gene expression of Cd8a was highly correlated with the percentage of CD8α + cells in tumour sections (Fig. 3B) . Representative images of stained sections show that the abundance of CD8α + cells is increased in the tumours of chow-fed BP3KO mice compared to high fat-fed BP3KO 
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Endocrine-Related Cancer mice and WT mice on either diet (Fig. 3C , D, E and F). Overall, these findings are consistent with the hypothesis that the reduced tumour growth observed in the BP3KO mice is related to an increase in T cell infiltration. Thus, IGFBP-3 may have a previously unrecognised role in suppressing tumour T cell abundance in vivo.
To determine if the increased presence of CD8 + T cells in the tumours of BP3KO mice is associated with an increase in cytotoxic activity, mRNA levels of the serine protease granzyme B, Gzmb, were measured. Gzmb gene expression was found to be similar overall between WT and BP3KO mice but diet appeared to have an effect on Gzmb expression in the BP3KO mice (P = 0.024 for interaction) (Fig. 4A) . In mice fed HFD, the expression of Gzmb was reduced by 25% in the tumours of BP3KO mice ( Fig. 4A ) (chow-fed vs HFD: 1.30 ± 0.09 vs 0.98 ± 0.07, P = 0.009, t-test). The number of granzyme B + cells as a proportion of the total number of cells present in the tumour sections from WT and BP3KO on either diet was observed to be similar overall by immunohistochemistry (Fig. 4B) . Representative images of a positively stained tumour section from a high fat-fed WT mouse with its stained negative isotype control are shown (Fig. 4C) .
Gzmb mRNA expression was associated positively with Cd8b1 expression (Fig. 4D ) and negatively with tumour weight (Fig. 4E) .
Using forkhead box P3 (FOXP3) as a marker of T-regulatory cells (Shevach 2009 ), Foxp3 gene expression was found to be similar across groups (Fig. 4A ). Natural killer (NK) cells have been shown to be involved in the immune response to breast cancer where breast cancer progression is associated with a decrease in NK cellmediated cytotoxic activity (Mamessier et al. 2011) . NKG2D, also known as killer cell lectin-like receptor K1, is a trans-membrane protein that is a marker of activated NK cells and NK T cells. Intratumoural expression of Nkg2d mRNA was not different among the treatment groups (Fig. 4A ) (WT Chow: 0.83 ± 0.09 vs WT HFD: 0.84 ± 0.13 vs BP3KO Chow: 1.00 ± 0.08 vs BP3KO HFD: 0.95 ± 0.10) but was associated with decreased tumour weight (Fig. 4F) .
The cytokines, interferon gamma (IFNγ) and tumour necrosis factor (TNF; TNFSF2) have been reported either individually or in tandem (Braumuller et al. 2013 , Matsushita et al. 2015 to exert anti-tumour effects which include the induction of tumour cell apoptosis and cell cycle arrest. Therefore, as part of investigating how the increased intratumoural T cell infiltration observed in the absence of IGFBP-3 might be associated with the decrease in tumour growth, the mRNA levels of the cytokines, IFNγ and TNF were examined. As shown in Fig. 5A , the expression of Ifng was increased in tumours grown in BP3KO mice independent of diet (chow: 1.00 ± 0.16 vs 1.87 ± 0.27 and HFD: 1.06 ± 0.14 vs 1.33 ± 0.23; P = 0.008 for genotype, 2-way ANOVA), and the significant increase in tumour Ifng mRNA seen in BP3KO mice fed a chow diet was absent on HFD feeding. Similar to Ifng, but less pronounced, intratumoural gene expression of Tnf was increased in the absence of IGFBP-3 (Fig. 5A ) (P = 0.049 for genotype). This increase was more obvious (although not significant by post hoc testing) in chow-fed mice (WT vs BP3KO: 0.85 ± 0.08 vs 1.2 ± 0.15) with similar gene expression in high fat-fed mice (0.84 ± 0.10 vs 0.93 ± 0.08). The increased expression of Ifng was associated with decreased tumour weight in BP3KO, but not WT, mice (Fig. 5B) , suggesting that IFNγ may be involved in the decreased tumour growth observed in the BP3KO mice. The increased intratumoural mRNA levels of Tnf were associated with decreased tumour weight (Fig. 5C ). TNFrelated apoptosis-inducing ligand (TRAIL), encoded by Tnfsf10, is a cytokine belonging to the TNF superfamily. TRAIL, which is IFN-inducible (Sedger et al. 1999) and directly tumouricidal (Sedger et al. 2002) with the ability to control tumour growth and metastasis in vivo (Smyth et al. 2001) , was also examined. Gene expression of TRAIL was overall similar in tumours from both WT and BP3KO mice, independent of diet (Fig. 5A) . Consistent with its association with NK cells (Smyth et al. 2001) , Tnfsf10 expression was positively associated with Nkg2d expression (Fig. 5D ) and negatively with tumour weight (Fig. 5E ).
Discussion
In this study, we have extended our previous observations that tissue IGFBP-3 stimulates EO771 mammary tumour growth in C57BL/6 mice, by characterising a potential immune mechanism by which this might occur. As previously reviewed, the growth-inhibitory effects of IGFBP-3 are well known from a wide variety of cell-line research as well as clinical studies in which the suppression of IGFBP3 is associated with poor patient outcome , Baxter 2014 . Examples of cancers in 
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Endocrine-Related Cancer which IGFBP-3 has an apparent tumour-suppressive role include hepatocellular carcinoma (Aishima et al. 2006) and non-small cell lung cancer (Chang et al. 2002) . These growth-inhibitory activities may occur both through suppression of IGF1R signalling and by IGF1R-independent mechanisms (Baxter 2014) . In contrast, IGFBP-3 is growth-stimulatory in some cancer cell-line models (Baxter 2014) , mediated in part by sphingosine kinase and EGFR activation (Martin et al. 2014) , and its high tumour expression has been associated with disease recurrence and/or poor patient outcome -for example in glioblastoma (Santosh et al. 2010) , prostate cancer (Seligson et al. 2013 ) and breast cancer (Yu et al. 1998 , Sheen-Chen et al. 2009 ). However, the precise role and prognostic significance of tumour IGFBP-3 expression in different cancers remain clouded by conflicting results (Baxter 2014) , and a different model of breast tumourigenesis in Igfbp3-null mice supported a tumoursuppressive, rather than a growth-stimulatory, role for host-derived IGFBP-3 (Blouin et al. 2015) . The findings detailed in this study shed new light on the observation that the reduced EO771 tumour growth in the absence of circulating or stromal IGFBP-3 was associated with increased CD3 + T cell abundance. As the EO771 tumour cells used in this study lack detectable expression of IGFBP-3, overall tumoural expression of IGFBP-3 in WT host mice provided an estimate of the contribution of IGFBP-3 within the tumour stroma. An increased stromal expression of IGFBP-3 was positively associated with tumour growth, supporting the hypothesis that IGFBP-3 in the microenvironment promotes tumour progression. This is consistent with clinical observations based on whole patient tumours which are composed of both epithelial and stromal compartments, where the increased protein or gene expression of IGFBP-3 was associated with greater tumour growth and poor prognosis (Rocha et al. 1996 (Rocha et al. , 1997 . Analysis of the specific IGFBP-3-expressing cells within these tumours might provide further information about which cell types in the tumour microenvironment contribute to IGFBP-3-dependent tumour progression. In contrast to the relationship between stromal IGFBP-3 expression and tumour growth, there was no apparent relationship between circulating levels of IGFBP-3 and tumour growth. This is in agreement with the observation that there is a lack of consistency in the evidence relating circulating IGFBP-3 to tumour growth (Baxter 2014) . Notably, intratumoural IFNγ mRNA levels were nearly twice as high in the BP3KO mice on a chow diet compared to WT mice. In addition to increased IFNγ expression, tumours from chow-fed BP3KO mice also showed increased gene expression of TNF relative to WT mice. Both IFNγ and TNF have been described to have context-dependent roles in cancer progression and have been implicated in the infiltration and activity of intratumoural immune cells (Balkwill 2009 , Zaidi & Merlino 2011 . In particular, the increased presence of IFNγ and TNF has been demonstrated to inhibit tumour growth through the induction of cell cycle arrest in G 1 /G 0 by the activation of p16 INK4a and hypophosphorylation of Rb (Braumuller et al. 2013) . Consistent with its tumour growth-inhibitory effect in the literature, the expression of IFNγ was also negatively associated with tumour growth in this study.
Cd8a and Cd8b1 gene expression was increased in the tumours grown in the BP3KO mice and this was confirmed at the protein level for CD8α using IHC. In concordance with the literature in which a high percentage of tumourinfiltrating lymphocytes is positively associated with survival in women with breast cancer (Mahmoud et al. 2011 , Ali et al. 2014 , the increased presence of intratumoural CD8 + T cells was associated with decreased tumour growth in our study. CD8 + T cells promote anti-tumour activity owing to their ability to secrete tumouricidal and growthinhibitory factors such as granzymes, as well as cytokines including IFNγ and TNF (Appay et al. 2008) . Therefore, to gain insight into the potential for anti-tumour function of these cells, granzyme B, a cytolytic enzyme associated with T cells (Appay et al. 2008 ) was examined. Granzyme B is a serine protease which is capable of causing DNA fragmentation and the stimulation of caspase activity in the target cell (Afonina et al. 2010) , and has been used as a surrogate marker for functional cytotoxic T cells. Accordingly, granzyme B mRNA expression was positively associated with Cd8b1 expression and inversely associated with tumour weight. However, despite the differences in CD8 expression observed, the expression of granzyme B was not significantly different between WT and BP3KO genotypes irrespective of diet.
The lack of difference in granzyme B expression between groups suggests that the T cells present are not fully activated for effector function or that other effector molecules are more important in this model. This may be through the presence of immunosuppressive factors in the tumour microenvironment. For example, the presence of transforming growth factor-β (TGFβ) in the tumour microenvironment has been shown to suppress IFNγ and granzyme B expression in T cells (Thomas & Massague 2005) with the TGFβ-signalling pathway proteins, Smads, having been shown to bind to the promoters of both IFNγ and granzyme B (Thomas & Massague 2005) . Blockade of TGFβ signalling has been shown to restore IFNγ and granzyme B expression in T cells (Thomas & Massague 2005) . The increased IFNγ mRNA levels seen in BP3KO mice are thus consistent with our earlier observation that IGFBP-3 can activate the TGFβ receptor system to enhance Smad signalling in breast cancer cells (Fanayan et al. 2002) . Another possible mechanism by which immunosuppressive factors within the tumour microenvironment might have an effect on granzyme B expression is the upregulation of PD-L1 with tumour development and the concomitant increased stimulation of its receptor, PD-1, on T cells, where blockade with anti-PD-L1 therapy led to increased granzyme B expression (Zippelius et al. 2015) . PD-L1, which is inducible with IFNγ in the EO771 model, is highly upregulated and likely constitutes a key contributor to the aggressive tumour growth observed with the EO771 model, as anti-PD-1 treatment has been demonstrated to result in drastic inhibition of tumour growth in this model (Gray et al. 2016) . The unexpectedly similar expression of granzyme B among the treatment groups in our study may, therefore, be a result of the engagement of immunosuppressive mechanisms.
FOXP3 is a marker of regulatory T cells (Treg) which are a subset of CD4 + T cells that have been implicated in the suppression of cytotoxic T cell activity (Shevach 2009 ). The EO771 model has previously been demonstrated to show an increase in the number of FOXP3 + cells as tumour growth progresses, suggesting that suppression of an anti-tumour response via increased numbers of Treg cells occurs in this model (Huang et al. 2015) . Tumoural Foxp3 levels were similar between groups suggesting that the accumulation of Tregs in the tumour microenvironment was unaffected by IGFBP-3 expression or by exposure to high fat feeding. In agreement with the literature showing that increased NK cell number and activity is associated with better prognosis in breast cancer patients (Mamessier et al. 2011 , Ascierto et al. 2013 , the increased presence of cells expressing Nkg2d, a marker of activated NK cells, was associated with decreased tumour weight in this study. The presence of NK cells was examined as there is much interest in targeting NK cell function as a therapeutic strategy. Reasons for this interest include the ability of NK cells to kill target cells that may be resistant to cytotoxic T cell-mediated death because of a low expression of MHC I molecules (Vivier et al. 2012) as well as the ability to detect cells under stress which may be caused by stressors such as DNA damage (Vivier et al. 2012) . NK cells are clearly involved in tumour immunosurveillance, and the presence and function of NK cells have also been shown to be important for anti-metastatic activity (Rautela et al. 2015 , Bottos et al. 2016 , including via interferons and/or NK cell-expressed TRAIL (Smyth et al. 2001 , Sedger et al. 2002 . Human NK cells can be segregated into two subsets based on their expression of the cell adhesion protein CD56. The two subsets, CD56 bright and CD56 dim , have been shown to vary in terms of their expression of receptors, proliferative capacity and distribution among tissues (Melsen et al. 2016) . While characterisation of the functional differences between the two subsets has been difficult due to lack of expression of CD56 in NK cells in model organisms such as mice (Melsen et al. 2016) , profiling of human NK cells by gene expression and cytokine secretion has revealed that CD56 dim cells differ from CD56 bright cells in terms of IGFBP-3 and IGF-1 production (Wendt et al. 2006) . Although overall tumoural mRNA expression of Nkg2d between WT and BP3KO mice was not significantly different in this study, TRAIL expression was strongly associated with Nkg2d expression, and negatively with tumour weight, suggesting that further investigation into how IGFBP-3 might affect NK cell tumouricidal activity and tumour immune surveillance is warranted.
The intratumoural accumulation of T cells in the absence of IGFBP-3 suggests that host IGFBP-3 is potentially inhibitory to T cell infiltration. In agreement with this notion, the administration of recombinant IGFBP-3 or transgenic overexpression of IGFBP-3 to ovalbumintreated mice (a mouse model of asthma) led to reduced accumulation of immune cells such as eosinophils, lymphocytes and neutrophils in bronchoalveolar lavage fluid . The IGFBP-3-associated suppression of immune cell infiltration was proposed to be mediated through the inhibition of TNF signalling which has been implicated in immune cell chemotaxis . It is also possible that IGFBP-3 suppresses intratumoural T cell accumulation by promoting the accrual of myeloidderived suppressor cells (MDSCs). Using mouse models of oesophageal cancer, the secretion of IGFBP-3 in conjunction with other cytokines was shown to promote the differentiation of bone marrow progenitor cells into CD38 high MDSCs, which possess an enhanced capacity for immunosuppression compared to CD38 low cells, and were further demonstrated to promote tumour growth (Karakasheva et al. 2015) .
The tumour-suppressive effect of IGFBP-3 deficiency was reduced with exposure to HFD, with the exposure of BP3KO mice to HFD associated with a reversal of the increased abundance of CD8+ T cells in the tumours. This finding is consistent with the association of the obese phenotype with decreased immune function (Kanneganti & Dixit 2012) which is exemplified by an increased susceptibility to infections including influenza in obese individuals and rodent models (Milner & Beck 2012) . Mechanisms proposed to explain the decreased immune function observed with obesity include alterations in the function of macrophages (Zhou et al. 2009 ) and T cells as well as T cell number (Yang et al. 2009 , Kanneganti & Dixit 2012 . In particular, diet-induced obesity has been linked to the decreased development of an anti-tumour immune response through the impairment of dendritic cell function (James et al. 2012) . In addition to these mechanisms, obesity may also potentially influence immune function by affecting the proliferation and differentiation of haematopoietic stem cells which are the precursors to immune cells (Adler et al. 2014) . Impairment in immune function may, thus, explain the obesity-associated reduction in the tumour growthsuppressive effects of IGFBP-3 deficiency.
In conclusion, the results of this study provide an unexpected immune-based mechanism by which host IGFBP-3 may contribute to breast tumour growth in the EO771 murine breast cancer model. The marked increase in CD8 + cells in tumours growing in BP3KO mice supports a T-cell-mediated growth-inhibitory effect of IGFBP-3 deficiency, although the signalling pathways by which host IGFBP-3 discourages T cell accumulation in the tumour remain to be determined. The reversal of this effect in mice fed a HFD is consistent with the known impairment of immune function in obesity and further supports the concept that IGFBP-3 links the development of obesity to breast cancer progression. In addition, the data suggest that the detailed analysis of ligand and receptor expression in individual cells, possibly via flow cytometry, as a means of determining immune cell subtype and effector molecule expression is warranted to better understand immune control of this tumour model. A greater understanding of how IGFBP-3 modulates NK and T cell abundance as well as function in breast cancer may offer new opportunities for tumour immunomodulation based on the targeting of IGFBP-3-dependent signalling.
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